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@ Thinfilm materials for the preparation of attenuating phase shift masks. 



(57) The fabrication of transmissive attenuating 
types of phase shift masks by formation of and 
selective etch of a layer, deposited on a sub- 
strate. This single layer provides both the phase 
shift and the attenuation required and is readily 
patterned and processed to produce attenuat- 
ing phase shift masks. 
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T chnicai Field 

This invention relates to phase shift Irth graphic 
masks. More particularly, it relates to a mask and a 
process for making masks having attenuating layers. 

Background Art 

There is considerable interest in phase shift 
masks as a route to extending the resolution, contrast 
and depth of focus of lithographic tools beyond what 
is achievable with the normal chrome mask technol- 
ogy. In the phase shift mask the quartz substrate 
plate is etched or coated so as to allow interference 
effects to be employed. The etch or coating has a 
thickness so that an optical path difference may be 
established between adjoining regions of just 1/2 wa- 
velength, resulting in destructive interference at the 
boundary of the two regions. There has been a great 
deal of work to quantify and exploit these effects for 
example in alternating phase, rims and other struc- 
tures. A problem that has so far hindered the introduc- 
tion of phase shift masks into full scale microcircuit 
designs has been the difficulty of generating design 
tools to facilitate mask layout automatically for the cir- 
cuit designer. For this reason there is a focus on the 
use of so called attenuating phase shift masks. 

In the attenuating phase shift mask, the chrome 
layer is replaced by a slightly transparent layer in 
combination with a 1/2 wavelength phase shift This 
mask has the properties that there is only one pat- 
terning step as for the chrome mask and that every 
edge has enhanced contrast due to the 180 degree 
phase shift effect. At present such masks are typical- 
ly prepared by a combination of a slightly transparent 
for example very thin chrome layer, coupled with a 
quartz etch to produced the desired phase shift This 
method requires a high degree of control of both layer 
and etch process. 

Summary of the Invention 

It is a principal object of the invention to provide 
a method for producing phase shift masks with at- 
tenuating layers. 

It is another object of the invention to provide 
phase shift masks with layers wherein the attenua- 
tion is well controlled. 

It is a further object of the invention to provide a 
mask wherein the desired phase shift and phase shift 
attenuation occur in the same layer. 

The invention is directed to the fabrication of at- 
tenuating type of phase shift masks by selective etch 
of a layer, predeposited n a quartz substrate. This 
layer has the feature of combining both the phase 
shift and the attenuati n required and is r adily pat- 
terned and processed to produc attenuating phase 
shift masks. That is, th advantage of this method is 



that the light attenuati n and phase shift are ach- 
ieved with a single layer. 

us. Brief Descripti n of th Drawings 
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Fig. 1 is a graphical representation of the region 
of the interest for attenuating phase shift layers. 

Fig. 2 is a schematic cross sectional representa- 
tion of an apparatus for depositing layers in accor- 
10 dance with the invention. 

Fig. 3 is a schematic cross sectional representa- 
tion of a patterned lithographic phase shift mask in 
accordance with the invention. 

Fig. 4 is a graphical representation of the trans- 
15 mittance of Si-N films as a function of wavelength for 
films with a thickness of 1 00 nm deposited at different 
nitrogen pressures. 

Fig. 5 is a graph of transmit tance of Si-N films at 
248 nm as a function of nitrogen pressure with differ- 
20 ent thicknesses. 

Fig. 6 is a graph of transmittance of SiC-N films 
as a function of wavelength deposited at 35% nitro- 
gen content for different thicknesses. 

Fig. 7 is a graph of transmittance of SiC-N films 
25 at 248 nm as a function of nitrogen pressure during 
deposition at different thicknesses. 

Fig. 8 is a graph of transmittance of MoSi2-02 
films as a function of wavelength at different thick- 
nesses. 

30 Fig. 9 is a graph of transmittance of MoSi2-0 2 and 

Mo^S^ - Q2 films at 248 nm as a function of film 
thickness. 

Fig. 10 is a graph of transmittance of Sr0 2 and 
M0O3 films as a function of wavelength. 
35 Fig. 11 is a graph of transmittance of Si02 and 
CoO films as a function of wavelength. 

Fig. 12 is a graph of transmittance of S13ISU and 
M02N films as a function of wavelength 

40 Detailed Description of the Preferred Embodiments 

A key materials requirement is that the film thick- 
ness of the attenuating layer be chosen to correspond 
to an optical path length that produces a 1/2 wave- 
45 length shift relative to air i.e., 

(n - 1)d = &lam72 (1) 
where n is the refractive index of the film at the litho- 
, graphic tool exposure wavelength &lam.. In addition 
the film must possess very low intrinsic stress and 
50 must be capable of patterning by a process that etch- 
es the film but does not etch the substrate. The opti- 
cal transmission of a film of this thickness corre- 
sponds t a chos n value typically 5 to 15 % trans- 
mission. The optical transmissi nTcanb xpressed 
55 as 

T = (1 - R) exp( - 4*kd/&lam.) (2) 
wh re k is the absorpti n coefficient, and R is the re- 
flect!* n which can also xpr ssed as 

2 
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r = {(n - 1)2 + k2)/{(n + 1)2 + k2). (3) 
These three equations relat thed sired phase shift 
mask properties of 180 degree phase shift, transmis- 
si nT and maximum allowed reflectivity R P to the ma- 
terial parameters of refractive index, absorption and 5 
film thickness n, k and d. Evidently n and k may not 
be chosen independently since from equations (1) - 
(3), 

k = (n - 1)(1/2ji)ln{(1 - R)/T}- (4) 
The requirements on the optical properties are sum- 10 
marized in Fig 1, where the cross hatched region 
shows the range of values of n and k for the extreme 
values of transmission of 2 and 20%. Too high a value 
of refractive index gives rise to the surface reflectivity 
of the film becoming greater than 1 0%. The approach 15 
herein is directed to methods for controlling the value 
of k with minimal perturbation of the value n. 

In order to achieve the combination of optical 
proper ties desired several materials systems are 
studied. The first of these, exemplified by SUM, may 20 
be selectively etched to some degree relative to the 
quartz substrate. The second system exemplified by 
Si(>2 requires an etch stop layer. The approach taken 
Is to select an ultraviolet transmitting material and de- 
posit it so as to contain a suitable amount of a similar 25 
nitride or oxide that is known to possesses relatively 
strong ultraviolet absorption. Films were deposited by 
an rf sputtering technique in a reactive atmosphere 
containing either nitrogen or oxygen. By incorporating 
some fraction of constituents such as excess Si, Mo, 30 
Cr, Co, Ni or Fe into the sputtering targets, films of 
either nitrides or oxides can be prepared having a 
controlled degree of optical transmission at the wave- 
lengths of interest, 365 nm and 248 nm. 

Referring to Fig.2, films were deposited by an rf 35 
diode sputtering system. The sputtering chamber 10 
may be evacuated to less than 10- 7 Torr by a turbo- 
molecular pump prior to the introduction of the gas 
mixture. A quartz plate, such as a plate 12, is used as 
a substrate. Plate 12 is mounted on a water cooled 8 40 
inch diameter fixture 14. If necessary or if desired, 
plate 12 may have deposited thereon an etch stop lay- 
er 16 as more fully described below, by methods well 
known in the art. In accordance with the invention an 
attenuating phase shift layer 1 8 is sputtered directly 45 
on to plate 12 or on to etch stop layer 16, if an etch 
stop layer is used. During the deposition, input power 
of 200 W is applied between sputtering target 20 and 
fixture 14, in a manner well known in the art A total 
pressure of 5 mTorr is used. After deposition, the so 
thickness of layer 1 8 Is determined by a Tencor Alpha- 
step Profilometer (not shown). X-ray diffraction using 
an automated diffractometer is used to study the 
structure of some of these layers or films. Optical 
transmission is measured using a Varian DMS-200 55 
UV visible sp ctrophotom t r(notsh wn). 

The layer 18 of the phase shift mask blank pro- 
duced using the technique as illustrated in Fig. 2 is 



th n patterned to produce a desired lithographic 
mask, as is repres nted in Fig. 3. An advantag to us- 
ing a silicon based layer is that, this may be d n by 
techniques such as reactive ion etching (RIE) or wet 
etching, as is well known in the art Etch stop layer 16 
may or may not be present, depending upon what 
type of etching is used. The type of etch in turn de- 
pends upon the material which forms layer 18. Exam- 
ples are set forth below. 

Silicon nitride based layers are attractive for use 
as attenuating type phase shift masks since they 
may be patterned by etch process that etch the sub- 
strate relatively slowly. The Si-N films were deposited 
by rf sputtering using a silicon target and a sputtering 
gas mixture consisting of argon and nitrogen. During 
sputtering, the nitrogen fraction is varied from 0 to 
30%. At high nitrogen levels transparent films of sili- 
con nitride are obtained. As the proportion of nitrogen 
is decreased, the films become silicon rich and opti- 
cal absorption is introduced into the film. The magni- 
tude of this absorption can be controlled by the ratio 
of nitrogen to argon in the sputtering gas. The trans- 
mittance of various Si-N films at a constant thickness 
of 1 00 nm but deposited at different nitrogen pressure 
is shown in Fig. 4. Similar results are obtained for dif- 
ferent film thicknesses. From the data of Fig. 4 for 1 00 
nm thick films and from data from other thicknesses, 
the transmittance of Si-N films at 248 nm are plotted 
in Fig. 5. An empirical fit relating absorption constant 
&alp. and nitrogen percentage P is given by &alp. = 
0.06/(P-13.3). The optical transmission Tfbr the film 
can be expressed 

T = d-R)exp^|| (5) 

where d is the thickness of the film in nm and R is the 
reflectivity. 

If n = 2.3 and &lam. = 248 nm, the thickness re- 
quired for a phase shift according to equation (1) is 
therefore 95 nm. To achieve a light transmission of 5 
to 10%, from equation (5) 15.9% nitrogen is required. 
Although a useful range of optical transmission may 
be obtained for films satisfying the 180 degree phase 
shift requirement, the control requirement on nitro- 
gen fraction is exceedingly stringent as we can see 
in Fig. 5. Although this method is usable, it is not fa- 
vorable for the routine production of attenuating type 
of phase shift masks. 

When a SiC target is sputtered in argon gas, the 
films were fairly absorbing at 248 nm. The addition of 
oxygen in the sputtering gas increases the transpar- 
ency of the sputtered films. However, the control of 
oxygen pressure is very critical. A 1% change of oxy- 
gen pressure can change th optical transmissi n by 
anord r of magnitude. 

The addition of nitrogen gas during the sputtering 
also reduces th absorption of the sputtered films. 
But th change of transmittance with nitrogen pres- 
sure is very gradual so that the control of nitrogen 
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pressure is n t critical. The transmittance of SiC-N 
films at 35% nitrog n content in an argon-nitrogen 
gas mixture during sputtering with different film thick- 
nesses as is sh wn in Fig. 6. From Fig. 6, and from 
the data obtained at other nitrogen pressures, the 5 
transmittance of SiC-N films at 248 nm as a function 
of nitrogen pressure is plotted in Fig. 7. For films with 
a thickness of about 100 nm as required for the de- 
sired phase shift, transmittance between 5 to 15% 
can be easily obtained without critical control of N 2 10 
pressure. This system therefore offers promise as a 
single layer attenuating type phase shift mask mate- 
rial. 

Oxide base films may also be used for the prep- 
aration of attenuating type phase shift masks but in 15 
this case an etch stop layer must be used. Several 
materials including Al 2 0 3 and HK^ have been found 
to be satisfactory for this purpose. 

MoSi r 0 2 is obtained by reactive sputtering of a 
MoSi2 target in the presence of a mixture of oxygen 20 
and argon gas. During sputtering, the oxygen content 
varied between 0 and 40%. It is found that if the oxy- 
gen content is greater than 8% during sputtering, the 
films obtained had almost the same optical transmis- 
sion. The transmittance for these films of different 25 
thickness is shown in Fig. 8. The transmittance at 248 
nm as a function of film thickness d for MoSi 2 films 
deposited with oxygen content during sputtering 
greater than 8% is shown in Fig. 9. If some nitrogen 
is added, there is only a slight increase in absorption. 30 
The absorption coefficient &alp. calculated from Fig. 
9 using the relationship exp-&aip.d is approximately 
1 .2x1 0- 3 . Films with a thickness of approximately 1 80 
nm which have 10% optical transmission are depos- 
ited on 5" and 6" square fused quartz substrates with 35 
a Hf0 2 etch stop layer for making phase shift masks. 
The phase shift is measured to be approximately 180 
degrees and the refractive index is estimated to be 
about 1.68 at 248 nm from a direct interferometric 
measurement of phase sh if t 40 

When these films are analyzed by the microp- 
robe, it is determined that they have a composition 
corresponding to 2-SiC^ and Mo0 3 . The refractive in- 
dex of these films is approximately 1.6 at 623.8 nm. 

A Mo target is also reactive sputtered in an oxy- 45 
genargon gas mixture to prepare M0-O2 films with 
different thicknesses. These films are also analyzed 
by the micro- pro be and it is determined that their com- 
position is M0O3. Hence, it is concluded that both Si 
and Mo components in the target completely oxidized so 
during the reactive sputtering process. If the compo- 
sition of Mo is changed in the target, the transmission 
of th sputtered films can b varied. 

The transmittance of Si0 2 films and M 0 3 films 
with differ nt thickness was measured and plotted on 55 
Fig. 10. Th transmittance of SiC^ is very high at 248 
nm (above 90%), whil th transmittance of M0O3 is 
very low at 248 nm dep nding n the thickness of the 



Mo0 3 layer. From this figure, it is stimated that f r 
films with a thickness of about 180 nm, in order to 
have only 6% optical transmittance at 248 nm, the tar- 
get material sh uld have a composition of Mo^gS^. 
To test this assumption, a new target with this com- 
position was obtained and films deposited. The re- 
sults was also plotted in Fig. 9. The transmittance at 
248 nm for a film approximately 1 80 nm thick was re- 
duced to 6% as predicted. 

The use of a Si target reactively sputtered with ni- 
trogen gas to obtain ShN films results in attenuation 
which is difficult to control, while the use of a ShC tar- 
get to obtain SiC-N films produces more controlled 
attenuation. The Mo-Si system provides much more 
flexibility. The optical transmission can be tailored to 
any value at any thickness by varying the Mo concen- 
tration in the target material, and the process is very 
easy to control because of the wide range of oxygen 
pressure which can be used. It is evident that other 
metals such as Cr, W, Ti, etc. may also be used. 

Because of the high transmittance at 365 nm for 
the Mo-Si system as shown in Fig. 10, only masks for 
248 nm can be made. There are many oxides which 
do have high absorption at 365 nm such as CoO, NK), 
Fe^, etc.. Fig. 11 shows the transmittance of S1O2 
and CoO films of different thicknesses. It may be con- 
cluded that Si0 2 cosputtered with CoO is a good can- 
didate for making both 248nm and 365 nm attenuated 
phase shift layers. 

The attenuated phase shift layers based upon 
Si0 2 may need an etch stop layer against the RIE 
etching used to pattern the edges, since the Si0 2 etch 
process also attacks the quartz substrate. Hence it 
may be of advantage if the attenuated phase shift lay- 
ers contain basically Si 3 N 4 so that no etch stop layer 
is needed. This can be easily done by using a sput- 
tering target such as Mo-Si in a nitrogenargon gas 
mixture. The transmittance of Si 3 N 4 and Mc?N films 
with different thicknesses is shown in Fig .12. Be- 
cause the optical absorption of Mo 2 N films is higher 
than Mo0 3 films at the same thickness, less Mo is 
needed in the Mo-Si target. In addition, other metals 
such as Cr, W, Ti, Hf, Zr, Co, Ni, Fe.etc. can also be 
used to make the attenuated phase shift films. 

In summary, a number of material systems have 
been identified as having promise for the preparation 
of attenuating type phase shift layers. In general the 
nitride based systems offer the possibility of being 
etched selectively against the quartz substrate. Much 
higher etch selectivity may be achieved by use a 
transparent etch stop layer such as Al 2 0 3 and Hf0 2 . 
in this case the light attenuating layer may comprise 
Si0 2 or other ultraviolet transparent material cosput- 
tered with a range of other materials such as Co, Mo, 
Ni, Cr, Ti, etc.. It is found that to a first approximation 
the amount f absorbing metal requir d may be esti- 
mated from the m asured absorption of the corre- 
sponding oxide. 
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While the invention has been particularly shown 
and described with respect to pref rred embodiments 
thereof, it will be understood by those skilled in the art 
that changes in form and details may b mad therein 
without departing from the scope and spirit of the in- s 
vention. 



Claims 

10 

1. A method for forming a phase shift layer (18) in 
a phase shift mask, said layer providing attenu- 
ation of energy of a given wavelength, comprising 
the steps of: 

providing a substrate (1 2) that is transmissive at is 
said given wavelength; 

providing a deposition target containing silicon; 
and 

using a deposition process to deposit said layer 
from said target in a gas environment containing 20 
a reactive nitrogen or oxygen component, said 
layer containing principally silicon and nitrogen or 
oxygen. 

2. The method of claim 1 25 
wherein said target also contains a metal; and 

said layer contains a species including said metal 
which absorbs energy at said wavelength. 

3. The method of claim 2 30 
wherein said metal is selected from the group 
consisting of Mo, Cr, W, Ti, Co, Fe, Ni, Hf, Cu and 

Zr. 

4. The method of any one of claims 1 to 3 35 
wherein said target contains SiC and said layer 
contains SiC -NI. 

5. The method of claim 3 

wherein said metal is Mo and said layer contains 40 
Mo0 3 -2Si02 

6. The method of any one of claims 1 to 4 
wherein said target is comprised of Mo&subx. 

and said layer is comprised of XM0O3 - 2Si0 2 . 45 

7. The method of any one of the preceding claims 
further comprising the step of forming an etch 
stop layer on said substrate before depositing 

said phase shift layer. 50 

8. A phase shift mask comprising; 

a substrate which is transmissive at a given wa- 
velength; and 

a d posited phase shift layer containing princi- 55 
pally silicon, nitrogen and a sp cies which is ab- 
sorb ant at said wav length. 



9. Th phas shift mask f claim 8 
wh rein said species is carbon. 

1 0. The phas shift mask of claim 8 
wherein said species includes a metal ion. 

11. The phase shift mask of claim 10 
wherein said species includes Mo 0 3 . 

12. A lithographic mask for use with energy of a given 
wavelength, said mask comprising: 

a substrate that is transmissive for energy at said 
wavelength; 

a layer on said substrate that provides both a 
phase shift and an attenuation of energy of said 
wavelength, said layer comprising: 
a matrix which is essentially transparent to ener- 
gy of said wavelength; 

a controlled amount of a species according to 
claim 10 or 11 which absorbs energy at said wa- 
velength distributed in said matrix. 

13. The mask of claim 12 

wherein said matrix contains silicon. 
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(S) ThinfDm materials for the preparation of attenuating phase shift masks. 



(57) The fabrication of transmissive attenuating 
types of phase shift masks by formation of and 
selective etch of a layer, deposited on a sub- 
strate. This single layer provides both the phase 
shift and the attenuation required and is readily 
patterned and processed to produce attenuat- 
ing phase shift masks. 
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